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Abstract
We report on the measurements of the fluxes and spectra of the environmental fast neutron background at the
China Jinping Underground Laboratory (CJPL) with a rock overburden of about 6700 meters water equivalent, using
a liquid scintillator detector doped with 0.5% gadolinium. The signature of a prompt nuclear recoil followed by a
delayed high energy γ-ray cascade is used to identify neutron events. The large energy deposition of the delayed
γ-rays from the (n, γ) reaction on gadolinium, together with the excellent n-γ discrimination capability provides a
powerful background suppression which allows the measurement of a low intensity neutron flux. The neutron flux of
(1.51±0.03 (stat.)±0.10 (syst.))×10−7 cm−2s−1 in the energy range of 1 – 10 MeV in the Hall A of CJPL was measured
based on 356 days of data. In the same energy region, measurement with the same detector placed in a one meter
thick polyethylene room gives a significantly lower flux of (4.9±0.9 (stat.)±0.5 (syst.))×10−9 cm−2s−1 with 174 days
of data. This represents a measurement of the lowest environmental fast neutron background among the underground
laboratories in the world, prior to additional experiment-specific attenuation. Additionally, the fast neutron spectra
both in the Hall A and the polyethylene room were reconstructed with the help of GEANT4 simulation.
Keywords: Underground laboratory, Dark matter, Fast neutron, Liquid scintillator
PACS: 25.45.De, 28.20.-v, 29.40.Mc, 95.35.+d
1. Introduction
Deep underground sites provide a unique opportunity
to explore rare-event phenomena including the direct
searches for dark matter [1], proton decay [2], neutrino-
less double beta decay (0νββ) [3], neutrino oscillation
experiments [4], and so on. A comprehensive range of
underground experiments is sensitive to the neutron and
its induced background.
In addition to the highly suppressed cosmic-ray in-
duced neutrons, the majority of neutrons at the deep
∗Corresponding author: stlin@scu.edu.cn
1Main contributor
underground site is produced in the rock through the
spontaneous fission of 238U and the (α, n) reactions of
light nuclei bombarded by the α-particles emitted in the
U/Th decay chains. An additional neutron background
is taken along with the infrastructure and the experimen-
tal setup of laboratories. Nuclear recoils and other in-
teractions due to the environmental neutron background
can restrict experimental sensitivities or bring false pos-
itive signals in the studies of rare phenomena. There-
fore, the understanding of neutron spectrum and iden-
tifying neutron sources are substantial issues for back-
ground reduction and guide the design of shielding sys-
tems for the next generation of large-scale experiments.
The China Jinping Underground Laboratory
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Fig. 1: (color online) The structure of the China Jinping Underground Laboratory and the location of the neutron detector. (a) The position of the
Hall A and the polyethylene (PE) room; (b) The structure of the PE room.
(CJPL) [5] with about 2400 m (6700 m water equiv-
alent) rock overburden is the deepest operating
underground laboratory, located in Sichuan, China.
The cosmic-ray flux at CJPL is measured to be
(2.0 ± 0.4) × 10−10 cm−2s−1 [6]. Low background
counting facilities are installed and implemented. The
environmental gamma radioactivity at CJPL has been
studied. The contamination levels of U and Th in
the rock at CJPL are demonstrated to be one order of
magnitude lower than those at the surface due to the
carbonate components (96% calcite and <4% micritic
limestone) [7]. The science program of dark matter
experiments at CJPL, in the first phase, includes CDEX
(the China Dark matter EXperiment) [8] carried out in
a one meter thick polyethylene (PE) room, and PandaX
(the Particle and Astrophysical Xenon Detector) [9]
conducted in the hall. The layout of CJPL with the
operated experiments is depicted in Fig. 1.
The thermal neutron flux was measured with a
gaseous 3He proportional ionization chamber in the
Hall A of CJPL, giving a flux of (4.00 ± 0.08) ×
10−6 cm−2s−1 [10]. The same measurement was per-
formed inside the PE room. A preliminary thermal
neutron flux of (3.18 ± 0.97) × 10−8 cm−2s−1 was de-
rived [11]. A Bonner multi-sphere neutron spectrome-
ter, with 3He ionization chambers inside the polyethy-
lene spheres with different thicknesses, has been used
to investigate the neutron background below 20 MeV in
the Hall A and gives a overall neutron flux of (2.69 ±
1.02) × 10−5 cm−2s−1 [12]. Due to the limited detector
sensitivity and resolution, the fast neutron background
inside the PE room has not been reported.
This work presents the background measurement of
fast neutron fluxes and spectra both in the Hall A and
inside the PE room at CJPL, using a 28 liter liquid scin-
tillator detector doped with 0.5% gadolinium. The lo-
cation of the neutron detector at CJPL is also shown in
Fig. 1. The cascade of prompt and delayed signatures
offers a powerful background suppression against the
alpha-contamination from the liquid scintillator. The
detector configuration and the data acquisition system
is described in Section 2. The energy calibration, the
energy resolution of the detector and the efficiency of
signal selection are derived by comparison with simula-
tions and are presented in Section 3. Following the data
analysis in Section 4, the results and the conclusions are
reported in the last two sections.
2. Experimental setup
The (n, γ) reaction on gadolinium in the liquid scin-
tillator allows the discrimination of neutron events from
the background with the prompt-delayed time coinci-
dence method. This method is based on the time de-
lay between the prompt nuclear recoil signal and the γ-
cascade produced by the neutron capture of the thermal-
ized neutrons. Nuclear recoils due to the multiple elastic
scatterings of fast neutrons constitute the prompt signal
with signal profiles satisfying the pulse shape criteria.
After thermalized, the neutrons diffuse in the detector
for a few microseconds (∼ 7µs) before they are cap-
tured on the gadolinium and soon after, emit a γ-cascade
giving rise to the delayed signal. This delayed coinci-
dent signature is different from the decay sequences of
the β-α or the α-α cascade decays from U and Th series.
Therefore, the gadolinium doped liquid scintillator (Gd-
LS) neutron detector is insensitive to its intrinsic U/Th
contamination.
The Gd-LS detector has been used for many years
by several experimental groups for measurements of
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Fig. 2: (color online) The schematic diagram of the liquid scintillator
detector. The liquid scintillator is EJ-335. The container for EJ-335
is a quartz glass cylinder with 30 cm diameter and 40 cm length. The
copper shell is used for support and shielding. The detector is located
in a lead castle with 5 cm thickness. The top steel plate is used to
hold the roof of the lead castle. The bottom one is used to support the
detector with two steel sustainers.
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Fig. 3: (color online) The flow scheme of the data acquisition (DAQ)
system. The duplicate signals are generated by linear fan-in/fan-out
(FIFO) modules from the two PMTs, as well as the periodic pulse
generator. One is fed into the discriminator, and the other is read out
by a flash analog-to-digital converter (FADC). The DAQ triggers are
provided by coincident signals of the two PMTs and by random events
produced by pulse generator.
the neutron background at underground laboratories,
such as Boulby [16] and Aberdeen Tunnel [17], or
for neutrino experiments, such as Double Chooz [18],
RENO [19] and Daya Bay [20] measuring the neutrino
mixing angle θ13. The employed Gd-LS in this work is
of the type EJ-335 produced by Eljen Technology Com-
pany and is an organic scintillator loaded with 0.5%
gadolinium by weight [13].
The Gd-LS is filled in a cylindrical container with
30 cm diameter and 40 cm length made of quartz glass
that is wrapped with PTFE sheet for high diffuse re-
flection. The two flat surfaces of the glass vessel are
optically connected by light guides to two 8 inch photo-
multiplier tubes (PMTs) from Hamamatsu (type R5912-
02). The neutron detector is supported by a 3 mm thick
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Fig. 4: (color online) The average waveform of nuclear recoils and
electronic recoils. ‘Qtotal’ is the total area of the waveform which is
proportional to the charge. ‘Qpart’ is the area of the tail of the wave-
form. The discrimination factor (Dis) is defined as ‘Qpart/Qtotal’.
oxygen-free copper cylinder, placed in a 5 cm thick lead
castle with the dimensions of 150×60×70 cm3 depicted
in Fig. 2. A hole was made available to insert radioac-
tive sources into the lead castle to perform calibrations.
The flow scheme for data acquisition (DAQ) system
is illustrated in Fig. 3. The signals are duplicated by lin-
ear fan-in/fan-out (FIFO) modules from the two PMTs,
as well as from the periodic pulse generator with high
accuracy used as random trigger (RT) which allows the
measurement of live time and selection efficiency. One
signal is fed into the discriminator, and the other is read
out by a flash analog-to-digital converter (FADC) with
500 MHz sampling rate and 8 bit resolution. The trig-
gers for the DAQ are provided by the coincident signals
from the two PMTs and by the RT.
3. Calibration measurements
3.1. Energy calibration
The shape of the average waveform both for nuclear
recoils and electronic recoils are displayed in Fig. 4.
‘Qtotal’ and ‘Qpart’ denote the total and the partial inte-
gration of the pulse within (-40, 160) ns and (30, 160) ns
time window with respect to the instant of the maximum
height, respectively. A location independent energy of a
signal can be defined as [21]
E = a · √Qtotal1 · Qtotal2 (1)
where the subscripts ‘1’ and ‘2’ represent the two PMTs
respectively, and ‘a’ is a constant, evaluated from mea-
surements with calibration sources.
Two gamma sources, 137Cs and 60Co were inserted
in the lead castle for two independent energy calibra-
tions. The characteristics of the Compton edges were
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Fig. 5: (color online) Energy calibration with γ-ray sources. (a) and (b) show the energy spectra of 60Co and 137Cs, respectively, where the
simulated spectra are smeared out with a resolution function given by (σ/E)2 = α + β/E where α = 0.03 and β = 3.5 keV; (c) shows the linear
calibration function.
estimated via full GEANT4 simulations including de-
tector resolution smearing. The spectra from the simula-
tion and the calibration data are compared in Fig. 5a for
the 60Co and Fig. 5b for the 137Cs source. The pedestal
zero energy was determined by the RT. An excellent lin-
earity is observed, as shown in Fig. 5c. The energy res-
olution function is given by (σ/E)2 = α + β/E [16],
where the parameters α = 0.03 and β = 3.5 keV were
obtained by matching with the simulations.
3.2. Efficiency calibration by neutron source
An AmBe neutron source was deployed to provide
the calibration of the neutron detection efficiency. It
was placed at 4.3 m external to the lead shield. Both the
prompt-delayed time coincidence (Section 2) and pulse
shape discrimination (PSD) methods have been used to
select the neutron-induced nuclear recoils (hereafter de-
noted as nuclear recoils) in a high γ-ray background en-
vironment. The PSD method depends on the difference
of the tail of the waveform between nuclear recoil (neu-
tron or alpha induced) and electronic recoil (γ-ray in-
duced) (see Fig. 4). The discrimination factor (Dis) is
defined to differentiate nuclear recoils and γ-ray events,
defined as
Dis =
Qpart1 + Qpart2
Qtotal1 + Qtotal2
(2)
where the subscripts of ‘1’ and ‘2’ represent the two
PMTs respectively.
Fig. 6 illustrates the selection procedure of the
prompt nuclear recoils from neutron source data. The
discrimination factors Dis at different energies for both
nuclear recoils and γ-ray events are depicted in Fig. 6a.
Their Dis distributions are well-separated. The selec-
tion procedure is described as follows:
(1). γ-rays from neutron capture were selected from
the data (displayed in Fig. 6a) with a minimum energy
of 3 MeV as the delayed signals. This condition sup-
pressed most of the environmental γ-ray background
from natural radioactivity, in particular, the 2.6 MeV γ-
rays from 208Tl. The residual nuclear recoils in this re-
gion were rejected by a PSD cut at Dis < 0.11. The ef-
ficiency of this cut was obtained by fitting the Dis with
two Gaussian functions.
(2). The prompt signal ahead of the delayed signal
from step (1) was regarded as the nuclear recoil. The
software threshold for the prompt nuclear recoils was
set to 0.23 MeVee (equivalent electron energy), corre-
sponding to 1 MeV neutron deposited energy due to the
quenching factor of the Gd-LS.
(3). Fig. 6b shows the time interval distribution be-
tween the prompt and delayed signals, compared to
GEANT4 simulation, as well as the accidental back-
ground events. A coincidence time window of (2,
30)µs was required to exclude most of the accidental
background. The selected prompt events are shown in
Fig. 6c.
(4). There is residual coincident γ-ray background
which survive the selection, as shown at the left band of
Fig. 6c. To extract the number of prompt nuclear recoils
as well as the nuclear recoil spectrum, double-Gaussian
is used to fit the Dis distribution for each energy bin
with step of 0.1 MeVee.
Fig. 7 is the final measured nuclear recoil spectrum
of the AmBe neutron source after the subtraction of
the coincident γ-ray background. GEANT4 (version
4.9.6.p04 with QGSP BERT HP module physics list)
was used to simulate the nuclear recoil spectrum and
compare to the experiment. The selection of the nuclear
recoils in simulation followed a similar procedure as for
the experimental data. A standard neutron spectrum of
ISO-8529 AmBe was adopted as the input for the sim-
ulation. In Fig. 7, the dashed curve is the simulated nu-
clear recoil spectrum without the back-scattering from
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Fig. 6: (color online) The selection procedure of the prompt nuclear recoils from the neutron source data. (a) The distribution of the discrimination
factor (Dis) at different energies both for the nuclear recoils (n) and the γ-ray events; (b) The measured time interval distribution of the selected
prompt-delayed signals together with the simulated ones and the accidental background; (c) The selected prompt events following the energy and
time window conditions (see text for details).
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Fig. 7: (color online) The nuclear recoil spectrum of the AmBe neu-
tron source. The solid black dots is the measured recoil spectrum
after the subtraction of coincident γ-ray background. The dashed blue
curve corresponds to the simulated recoil spectrum without the back-
scattering from the room. The solid red curve is the one when the
back-scattering was taken into account. The simulated spectra are
normalized to the neutron rate of the AmBe source and therefore ab-
solute values can be compared with the experiment.
the room. Discrepancies can been seen between the ex-
periment and the simulation, especially in the low en-
ergy region. After taking into account the room back-
scattering in the simulation, the solid curve gives an ex-
cellent agreement when compared to the measured data.
The neutron detection efficiency is defined as the ra-
tio of the number of selected nuclear recoils to the num-
ber of neutrons entering the Gd-LS detector with the in-
cident energy larger than 1 MeV. The rate of the emit-
ted neutrons from the AmBe source is 100080 s−1 with
3.5% accuracy. The relative effective solid angle can
be calculated based on simulation. Finally, the detec-
tion efficiency is measured to be (11.13 ± 0.42)% under
the selections mentioned above with 1 MeV neutron en-
ergy threshold. The uncertainties are mainly due to the
statistical uncertainty given by the double-Gaussian fit
and the systematic uncertainty from the neutron source
activity. The simulated efficiency is (10.52 ± 0.12)%,
which is consistent with the measured result.
3.3. Neutron spectrum reconstruction
The physical quantity of interest is the fast neutron
energy spectrum at CJPL. This can be derived from
the measured nuclear recoil spectrum with the SAND-II
method [22]:
Φ
j+1
i = Φ
j
i exp
∑Kk=1 W jikln(U jk)∑K
k=1 W
j
ik

j = 0, 1, · · · , J
(3)
W jik =
RkiΦi j∑I
i=1 RkiΦ
j
i
N2k
σ2k
, U jk =
Nk∑I
i=1 RkiΦ
j
i ∆Ei
where Rki is the detector response function of the neu-
tron in the kth energy bin of the recoil spectrum; Nk is
the measured nuclear recoil in the kth energy bin and, σk
corresponds to its uncertainty; K is the maximum value
for k; Φ ji is the j
th iteration result at the ith energy bin
of incident neutron spectrum and, ∆Ei corresponds to
its bin width. An initial spectrum (Φ0i ) with prior infor-
mation should be provided to initiate the iterations. The
maximum number of the iterations is denoted by J such
that ΦJi is the final unfolded neutron spectrum.
Since a mono-energetic neutron source does not ex-
ist, the detector response function was obtained from
the simulation with GEANT4 through the comparison
of the unfolded AmBe neutron spectrum with the mea-
sured one. The back-scattering from the room was taken
into account.
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The unfolding program based on Eq. 3 was developed
in C language. The measured nuclear recoil spectrum
in Fig. 7 was used as the input to unfold the neutron
spectrum of the AmBe source. The standard neutron
spectrum of ISO-8529 AmBe and a flat spectrum were
both adopted as the initial value Φ0 for the first iteration.
The unfolded results are shown in Fig. 8, indicating that
most of the structures of the neutron spectrum were suc-
cessfully reconstructed. The residual discrepancies can
be attributed to the differences in source constructions
between the ISO-8529 reference and the one used in the
experiment. Furthermore, Fig. 8 shows that the final un-
folded spectra are insensitive to the initial values. This
character is of great importance for the neutron spec-
trum unfolding at CJPL, because a prior information on
the spectrum is rarely known.
4. Data analysis
4.1. Neutron flux measurements at CJPL
4.1.1. Hall A
The detector was taking data in the Hall A of CJPL
(as shown in Fig. 1a) from October 2013 to January
2015 with live time of 356.28 days.
Fig. 9 illustrates the selection of the prompt nuclear
recoils from the measured background data in CJPL
Hall A. The same procedure as described in Section 3.2
was applied. The black points in Fig. 9c show the se-
lected prompt events after applying the energy condition
for the delayed γ-rays, while the red crosses show the
selected prompt events after applying the coincidence
time window. The raw spectrum of selected events (red
crosses in Fig. 9c) is shown in Fig. 10a (labeled as ‘sig-
nal+bkg.’).
As in the neutron source measurement, there are
residual γ-ray background events. These events were
rejected by using an unbinned maximum-likelihood fit
to the Dis with two Gaussian functions for each energy
bin. Fig. 9d illustrates the fitting result for the energy
bin of 0.6 – 0.7 MeVee. The fit results provide the num-
ber of nuclear recoils and coincident γ-ray background
with their statistical uncertainties at each energy bin.
The spectrum of the coincident γ-ray background from
the fit is also displayed in Fig. 10a.
The neutron flux is calculated using the following for-
mula:
F =
N
 · t · A (4)
where F stands for the neutron flux, N = 2682±61 is the
number of selected nuclear recoils (the number and its
statistical uncertainty are given by the double-Gaussian
fit),  = (11.13 ± 0.42)% is the neutron detection effi-
ciency under the selection conditions from the calibra-
tion data, t = 356.28 days is the live time of the data tak-
ing, A = 5184 cm2 is the total surface area of the neutron
detector (30 cm in diameter and 40 cm in length). Ac-
cordingly, the measured neutron flux in CJPL Hall A is
(1.51 ± 0.03) × 10−7 cm−2s−1 in the energy region from
1 to 10 MeV. The upper limit comes from the dynamical
range of the FADC.
4.1.2. PE room
After January 2015, the neutron detector was moved
to the PE room where the high-purity germanium
(HPGe) detectors of CDEX-1 [27] and CDEX-10 [28]
are located, as illustrated in Fig. 1b. The neutron de-
tector was on the top of the lead shield of CDEX-1B.
The PE room is designed to shield against environmen-
tal neutrons, as well as γ-ray background from the rock.
After using the same procedure as for the Hall A, the
raw spectrum (labeled as ‘signal+bkg.’) and the coinci-
dent γ-ray background spectrum are shown in Fig. 10b.
Based on the live time of 173.55 days, N = 44.1 ± 7.4
nuclear recoils are obtained. Therefore, the measured
neutron flux in the PE room of CJPL is (5.1 ± 0.9) ×
10−9 cm−2s−1 in the energy range of 1 – 10 MeV.
The selection procedure of nuclear recoils and the
measured neutron fluxes are summarized in Table 1 both
for CJPL Hall A and PE room, as well as the calibration
data with the AmBe neutron source.
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Fig. 9: (color online) The selection procedure of nuclear recoils from the background data in CJPL Hall A: (a) The discrimination factor (Dis)
distribution at different energies for neutrons (n), α-particles, γ-rays, and electrons (β); (b) The time interval distribution of the prompt-delayed
signals; (c) Scatter plot of energy vs Dis where the black points show the selected prompt events after applying the energy condition for delayed
γ-rays, while the red crosses show the selected prompt events after applying the coincidence time window; (d) Result of an unbinned maximum-
likelihood fit of double-Gaussian to the events after selections in the 0.6 – 0.7 MeVee bin as illustration.
4.2. Discussion of α background
Despite the unique experimental signatures and the
strict selection criteria, there may be residual α back-
ground present. We discuss their origin and estimate
their contribution in this section.
4.2.1. α random coincidence with γ-rays
When the in-situ α-particles from U/Th series in-
side the Gd-LS are in coincidence with γ-ray events
(Eγ >3 MeV) during the time window of (2, 30)µs ,
these α-particles can pass the selection criteria because
of the disability to distinguish the α-particles from neu-
trons by the PSD method.
The total rate of the intrinsic α-particles is estimated
to be (0.548 ± 0.002) s−1 based on the contamination
levels of U/Th in the Gd-LS, assuming secular equi-
librium and considering all the isotopes in the decay
chains. The intrinsic contaminations of U/Th of the
Gd-LS are discussed in a forthcoming publication [29].
The rate of γ-rays with energy larger than 3 MeV is
(1.245±0.002)×10−2 s−1 and (6.63±0.02)×10−3 s−1 in
the Hall A and the PE room, respectively. The random
coincident background from α-particles is therefore es-
timated to be (5.88 ± 0.03) events out of (2682 ± 61)
nuclear recoil events in the Hall A, and (1.52 ± 0.01)
events out of (44.1±7.4) nuclear recoil events in the PE
room, respectively.
The spectra of α background are also estimated in
Fig. 10 (labeled as ‘α coincident bkg.’) based on the
quenching of α-particles in the Gd-LS [29].
4.2.2. α coincidence with (α + γ-rays)
An α-particle in coincidence with a γ-ray within 40 ns
can be misidentified as a high energy γ-ray event. Hav-
ing an additional α-particle at 2 – 30µs before this one
would be selected as a neutron event. This background
8Table 1: The selection procedure of prompt nuclear recoils. Listed are the individual (λ%) and cumulative (Πλ%) data survival fraction.
selection procedures AmBe CJPL Hall A CJPL PE room
raw counts 1.19 × 106 8.59 × 108 1.33 × 108
delayed γ-rays>3 MeV
λ% [Πλ%] 11.10 [11.10] 0.0446 [0.0446] 0.075 [0.075]
prompt nuclear recoils>0.23 MeV†ee
λ% [Πλ%] 80.25 [8.90] 85.42 [0.038] 73.14 [0.055]
prompt-delayed time window (2-30 µs)
λ% [Πλ%] 22.81 [2.03] 0.938 [0.00036] 0.088 [0.000048]
coincident γ-background (bkg.) 1462 ± 106 345 ± 33 19.4 ± 5.7
γ-bkg. subtracted nuclear recoils (N) 23159 ± 322 2682 ± 61 44.1 ± 7.4
live time (t) 2697 s 356.28 d 173.55 d
detection efficiency (%) 11.13 ± 0.42 11.13 ± 0.42 11.13 ± 0.42
total surface of the detector (cm2) 5184 cm2 5184 cm2 5184 cm2
raw neutron flux at detector (cm−2s−1) —— (1.51 ± 0.03) × 10−7 (5.1 ± 0.9) × 10−9
† Equivalent to 1 MeV neutron deposit energy
Table 2: The α-particle background estimation for the data in the Hall A and in the PE room.
background CJPL Hall A CJPL PE room
α coincidence with γ (>3 MeV) (accidental) 5.88 ± 0.03 1.52 ± 0.01
α coincidence with [(α + γ) >3 MeV] (physical cascade decay) < 4.3 × 10−4 < 3.5 × 10−5
α coincidence with [(α + γ) >3 MeV] (accidental) < 1.5 × 10−4 < 2.5 × 10−5
total α-background (bkg.) 5.88 ± 0.03 1.52 ± 0.01
γ-bkg. subtracted nuclear recoils 2682 ± 61 44.1 ± 7.4
α-bkg. subtracted nuclear recoils 2676 ± 61 42.6 ± 7.4
live time (day) 356.28 173.55
final neutron flux at detector (cm−2s−1) (1.51 ± 0.03) × 10−7 (4.9 ± 0.9) × 10−9
has two main sources: one is from the α-α cascade de-
cay of 219Rn→215Po→211Pb, and the other is from α-α
accidental coincidence.
The α-α cascade and the accidental coincidence
backgrounds are estimated to be < 4.3 × 10−4 and
< 1.5 × 10−4 events in the Hall A, while < 3.5 × 10−5
and < 2.5 × 10−5 events in the PE room respectively.
They are therefore negligible compared to the α acci-
dental background discussed in Section 4.2.1.
The results of all α-particle backgrounds discussed in
this section are listed in Table 2.
5. Results
5.1. Fast neutron fluxes at CJPL
The systematic uncertainties are mainly due to the γ-
ray energy calibration caused by the light yield shift of
the Gd-LS during the measurement (3.3% for the Hall A
and 7.4% for the PE room, respectively), 3.8% from the
efficiency calibration by AmBe source, and 4.3% from
the double-Gaussian fit (estimated by fitting the 60Co
calibration data).
After taking into account the estimated α-particle
background in Table 2 and the systematic uncertainties,
the final neutron fluxes in the 1 to 10 MeV region are
(1.51 ± 0.03 (stat.) ± 0.10 (syst.)) × 10−7 cm−2s−1 and
(4.9 ± 0.9 (stat.) ± 0.5 (syst.)) × 10−9 cm−2s−1 for the
Hall A and the PE room, respectively. Thus the α-
particle backgrounds can be neglected for the measure-
ment of fast neutron background in the Hall A. Fig. 10
displays the γ and α backgrounds subtracted nuclear re-
coil spectra both for the Hall A and PE room.
Table 3 shows that, CJPL Hall A has the same level of
environmental fast neutron background as Gran Sasso
and Canfranc, but much lower than the other under-
ground laboratories due to the low levels of U/Th con-
tamination in the rock.
The measured neutron flux inside the PE room is re-
duced by more than one order of magnitude compared
9Table 3: Fast neutron fluxes at different underground laboratories
Underground
laboratory
Thickness of
rock overburden (m)
Fast neutron flux
(cm−2s−1)
Energy range
(MeV)
CJPL PE room 2400 (4.9 ± 0.9 (stat.) ± 0.5 (syst.)) × 10−9 (this work) 1–10
CJPL Hall A 2400 (1.51 ± 0.03 (stat.) ± 0.10 (syst.)) × 10−7 (this work) 1–10
LSM 1780 (4.0 ± 1.0) × 10−6 [30] 2– 6
Gran Sasso 1400 (4.20 ± 0.08) × 10−7 [31] 1–10
Boulby 1070 (1.72 ± 0.61 (stat.) ± 0.38 (syst.)) × 10−6 [16] >0.5
Canfranc 800 (4.10 ± 0.08) × 10−7 [32] 1–10
YangYang 700 (4.17 ± 0.90) × 10−6 [33] 1–10
CPL 350 (3.00 ± 0.02 (stat.) ± 0.05 (syst.) × 10−5 [34] 1.5–6
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Fig. 10: (color online) The raw spectra (signal+bkg.), γ-ray coincident background (γ coincident bkg.) and α random coincident background
(α coincident bkg.) are displayed at the top panels, leading to the final background subtracted nuclear recoil spectra of CJPL (bkg. subtracted data)
at the bottom panels (only statistical uncertainties are shown). The γ-ray coincident background was subtracted by the double-Gaussian fit. (a) The
measured nuclear recoil spectra in the Hall A; (b) The measured nuclear recoil spectra in the PE room. (see text for details)
to the Hall A. This attenuation can be attributed to the
one meter thick PE. The residual neutron flux is ex-
pected to originate from the (α, n) processes from the
natural radioactivity of experimental hardware.
The sensitivities of the detector to fast neutron flux
can be estimated by the uncertainties of the γ-ray and α-
particle coincident backgrounds. After considering the
systematic uncertainty of the double-Gaussian fit, the
detection limits of fast neutron background at 90% con-
fidence level are 2.6 × 10−9 and 8.5 × 10−10 cm−2s−1 in
the Hall A and the PE room, respectively. The sensitiv-
ities are mainly limited by the uncertainties of the γ-ray
coincident background.
5.2. Fast neutron spectra at CJPL
The same method discussed in Section 3.3 was used
to reconstruct the spectra of fast neutron background
both in the Hall A and the PE room. The detector
response function was derived from simulation with
mono-energetic neutron sources from 1 to 12 MeV with
0.1 MeV step, placed at the surface of a cuboid with di-
mension of 2× 1× 1 m3. The cuboid is fully enclosing
the lead castle of the neutron detector. The angular dis-
tribution was set to be isotropic.
The background subtracted nuclear recoil spectra in
Fig. 10 were used as the input for the unfolding pro-
gram, while a flat spectrum was fed as the initial value
for the iterations. The resulting fast neutron spectra and
their 1σ uncertainty band are displayed in Fig. 11. The
shape of the reconstructed fast neutron spectrum in the
Hall A is similar as the spectrum estimated at LSM [30].
6. Conclusion
We presented the results of the measurement of fast
neutron background with a 0.5% gadolinium doped liq-
uid scintillator in the Hall A and the one meter thick
PE room at CJPL. The measured neutron fluxes in
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Fig. 11: (color online) The reconstructed fast neutron spectra both in
the Hall A and the PE room at CJPL. The areas are the ±σ uncertainty
bands of the reconstructed spectra.
the 1 – 10 MeV energy range are (1.51 ± 0.03 (stat.) ±
0.10 (syst.)) × 10−7 cm−2s−1 and (4.9 ± 0.9 (stat.) ±
0.5 (syst.)) × 10−9 cm−2s−1 for CJPL Hall A and the
PE room, respectively. The corresponding fast neutron
spectra in the Hall A and the PE room were also recon-
structed with the help of GEANT4 simulation.
A factor of thirty improvement of the fast neutron
background in the PE room has been achieved. How-
ever, the shield of the one meter polyethylene is ex-
pected to bring six orders of magnitude reduction for
3 MeV neutrons from simulation. This suggests that
the neutron flux measured in the PE room may have
contributions from the materials of the experimental
setup and/or from the broken-chain of the radon in the
room. The projected sensitivities of neutron flux for the
prompt-delayed coincidence method are estimated to be
2.6 × 10−9 and 8.5 × 10−10 cm−2s−1 at 90% confidence
level in the Hall A and in the PE room, respectively.
Improved measurements with the detector at a thresh-
old of O(100 eV) and covered with additional PE plates
are being pursued. The quantitative understanding of
the various neutron sources can be expected through the
comparisons of flux and spectral shape under different
configurations.
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